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  The mechanisms for catalytic oxidation of methane via transition metals Pd, Pt and Ag in gas phase have been 
theoretically investigated using density functional theory (DFT). The results reveal similar pathways of C-H activation via 
Pd, Pt with the formation of atom-molecule complex, transition state and product. Catalytic oxidation using Pd and Pt 
exhibited different reaction energies. The possible pathway of C-H activation via Ag has been proposed. First, the 
abstraction of H from CH4 by Ag occurs followed by the dissociation of CH3 and AgH. With the calculation of energy 
parameters and rate constants, the order of catalytic performance of the three transition metals has been found to be 
Pt>Pd>Ag. A theoretical foundation for the catalytic oxidation of methane by single active atoms has been established. 
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Methane is a cheap and high-quality fuel gas. The search 
for efficient catalysts for methane oxidation remains a 
challenging task. As a key step to achieve methane 
transformation, C-H activation is of high interest1-4. It is 
an established fact that it is possible to activate the C-H 
bond in CH4 by transition metals. The empty d orbital of 
metal atom accepts the electrons from the bonding σ 
orbital of C-H bond, while the filled d orbital of metal 
atom donates electrons to the antibonding σ* orbital of 
C-H bond. The C-H bond is weakened or broken by the 
donation or acceptance of electron5. 
The catalytic oxidation of methane has been a 
research hotspot for a long time6-10. Currently, it is still 
difficult to confirm the reaction mechanism 
experimentally due to the complexity of catalytic 
reaction as well as the short-lived and/or low 
concentration of intermediates. To clarify the reaction 
mechanism, quantum chemical calculations have been 
applied to generate information about the structure and 
energy of the intermediate and transition state11-13. Some 
theoretical investigations on the catalytic oxidation of 
methane via Pd, Pt and Ag14-16 have been reported by 
using the ideal crystal surface models17. However, it is 
still impractical to apply high-level quantum chemical 
method to study a complicated system. In addition, it 
becomes unreliable for the comparison of mechanism 
among metals based on their individual data from 
different computation systems.  
Density functional theory (DFT) has been proved to 
be reliable for the geometric optimization of systems, 
calculation of potential energy surface, electronic 
structure and thermodynamic calculations, hence it is 
widely used in the study of catalytic oxidation of 
methane18-20. B3-based DFT procedures provide an 
efficient means of determining harmonic vibrational 
frequencies and derived thermochemical quantities. PBE 
is preferred in the calculation of weak interaction over 
traditional functionals as well21.  
The single atom catalyst is highly active, selective 
and stable, and has shown great potential in its 
application to methane catalytic oxidation22. In  
gas-phase experiments the difficult-to-control or poorly 
defined parameters in real-life metal-based catalytic 
usage can be excluded. In this work, the microscopic 
mechanism of C-H activation in CH4 using Pd, Pt and 
Ag in gas phase were investigated using DFT methods. 
A theoretical foundation was provided for the catalytic 
oxidation of methane by gas-phase or cluster-confined 
single active atoms. The catalytic performances of the 
transition metals were evaluated along with the 
suggested activation mechanisms. 
 
Materials and Methods  
The DFT calculations were made using Gaussian 
03 quantum chemistry software23. The structures and 
energy information of reactants, transition states, 
intermediates and products in the catalytic activation 
of CH4 via Pd, Pt and Ag were obtained employing 
three methods viz., B3LYP24, B3PW91
25 and 
PBEPBE26 respectively. The vibration frequencies at 
each point along the reaction pathway were also 
calculated. As one of the most widely used ECP 




(effective core potential) basis sets, LanL2DZ is widely 
used in calculations pertaining to transition metal 
systems. Here, LanL2DZ basis set was selected to 
accurately deal with the outer electrons of 
Pd(4s24p64d10), Pt(5s25p65d96s1) and Ag(4s24p64d105s1), 
while their core electrons were treated in the 
approximation of frozen core. The 6-311G (d, p) basis 
set was performed for C and H. No significant spin 
contamination was found in the calculations. 
 
Results and Discussion  
In the catalytic oxidation of methane, the key role 
of Pd is to activate the C-H bond in CH4. The 
oxidation is facilitated with the generation of 
CH3PdH. The main structure diagram and symmetry 
in the C-H activati on are illustrated in Fig. 1.  
Three issues were addressed in the calculation: the 
reaction pathway, variation trend in geometric 
configuration and the stationary-point energy in 
potential-energy curve. The geometry parameters of 
all structures in Fig. 1 were calculated by three DFT 
methods and energy changes for activation were also 
noted. The results from the three DFT methods were 
consistent with each other, and also in agreement with 
literature14. Therefore, the B3LYP data have been 
representatively used in the following discussion.  
Upon the interaction of Pd and CH4, a relatively 
stable atom-molecule complex (RC) with C2v 
symmetry is generated with a binding energy of  
5.9 kcal/mol. The bond lengths of C-H(1) and C-H(3) 
(two C-Hs toward Pd) are slightly elongated from 
1.090 Å to 1.111 Å, while the Pd-C bond length is 
2.482 Å (Supplementary Data, Tables S1-S2).  
 
With activation, the bond length of C-H(1) is 
elongated to 1.663 Å while the bond length of Pd-C is 
shortened to 2.091 Å. The transition state (TS) under 
Cs symmetry is formed with activation energy of  
13.4 kcal/mol. With the activation of Pd, TS oscillates 
between the cleavage and formation of C-H(1). The 
TS is also validated by the unique imaginary 
frequency of 789i in frequency calculation.  
 
Finally, the product (P) under Cs symmetry is 
formed via TS. The bond length of Pd-C is shortened 
to 2.011 Å, and the bond length of C-H(1) is 
elongated to 2.406 Å for the product. The energy 
change from RC to product P amounts to  
8.6 kcal/mol. This value is equivalent to that of the 
cleavage energy of C-H with the activation of Pd, 
which is lower than the bond energy of C-H in CH4 
(104.9 kcal/mol). This indicates that Pd has a fairly 
high catalytic activity.  
The main changes of electron density in HOMO 
and LUMO along the reaction pathway is shown in 
Fig. 2. When Pd approaches towards CH4, a RC is 
generated. The combination of CH4 with Pd is 
 
 




Fig. 2 ⸺ The molecular orbital (HOMO, LUMO) diagram of the stationary points along the reaction coordinate for C-H activation of CH4 via Pd. 




evidenced from the electron cloud of HOMO and 
LUMO. When TS is formed, the bonding and  
anti-bonding orbitals of C-H overlap with the 
hybridized d orbital of Pd. It suggests that the empty  
d orbital of Pd accepts electrons from the C-H 
bonding orbital σ, while the filled d orbital of Pd 
donates electrons to the C-H anti-bonding orbital σ*. 
When product P is formed, the C-H bonds are 
completely broken. The electron density near Pd in 
HOMO orbit shows a distinct increase.  
Pt plays the same role as that of Pd in the catalytic 
oxidation of methane i.e., the C-H activation by Pt 
gives CH3PtH. The structural diagram and 
corresponding symmetry are depicted in Fig. 3. The 
corresponding geometric parameters were calculated 
using the B3LYP method. The energy changes in the 
whole reaction process were also recorded. The 
potential-energy curve in Fig. 4 is plotted through 
scanning at fixed Pt-C length. These data are 
consistent with literature15.  
The difference in C-H activation by Pt and Pd is 
shown in Fig. 4. There are two low-energy states of 
Pt, the triplet (d9s1, 3D3) and singlet (d
10, 1S0) in the 
reaction. When Pt interacts with CH4, a RC with C2v 
symmetry is formed. The triplet Pt(3D) and CH4 are 
bound at a Pt-C length of 3.61 Å, with a binding 
energy of –0.8 kcal/mol. The bond lengths of C-H(1) 
and C-H(3) in RC are stretched a little from 1.090 Å 
to 1.092 Å. This indicates that the binding of Pt(3D) 
with CH4 is very weak at the beginning. The Pt-C 
length decreases with increase in binding energy 
(Supplementary Data, Table S3-S4).  
On the other hand, the RC under C2v symmetry can 
also be generated from the combination of triplet 
Pt(1S) with CH4. In this case, with the decrease of  
Pt-C length, the binding energy decreases gradually. It 
is noteworthy that the potential energy curves of 
triplet state and singlet state are intersected at a point, 
where the Pt-C length is 2.685 Å. At this point, the 
energy of Pt(1S)CH4 and Pt(
3D)CH4 are 
approximately equivalent although their structures are 
slightly different. The energy of Pt(1S)CH4 is about 
2.8 kcal/mol higher than that of the triplet state 
reactant Pt(3D)+CH4. Therefore, the complex 
indicated at the intersection point is determined to be 
the TS with the unique imaginary frequency of 382i. 
Thereafter, the singlet state product HPt(1S)CH3 under 
Cs symmetry is generated from TS. For the product, 
the Pt-C length contracts to 2.00 Å, and the C-H(1) 
bond length elongates to 2.593 Å.  
Thus, CH4 is activated with the ground state 
Pt(d9s1) and low energy state Pt(d10) together. The 
activation energy for the reaction is 3.6 kcal/mol, and 
the released energy is 34.4 kcal/mol. Pt performs 
comparatively better than Pd in the catalytic oxidation 
of methane.  
The outer-shell electron configuration of Ag(4d105s1) 
is significantly different from Pd(4d10) or Pt(4d95s1). 
Therefore, Ag follows a reaction pathway different from 
Pd or Pt. The geometry parameters and energy values 
were recorded accordingly. The calculation indicates 
that there are two possible Ag reaction pathways in the 
C-H activation reaction (Fig. 5).  
In one pathway, the RC under C2v symmetry is 
formed with a binding energy of –0.1 kcal/mol. The 
bond length of C-H(1) and C-H(3) are slightly 
elongated from 1.090 Å to 1.091 Å. This suggests that 
the interaction between Ag and CH4 is very weak. The 
product P(HAgCH3) is finally formed via the TS with 
Cs symmetry. In this pathway, the activation energy is 
60.1 kcal/mol, and the absorbed energy is  
42.5 kcal/mol (Supplementary Data, Table S5-S6). 
For the other pathway, the H of CH4 is associated 
with Ag, and then the products CH3 and AgH are 
 
 
Fig. 3 ⸺ Structures and point group symmetries of the stationary
points along the reaction coordinate for the C-H bond activation




Fig. 4 ⸺ Potential energy curves for the C-H activation of CH4
via triplet Pt (d9S1, 3D3) and singlet Pt (d
10, 1S0).  




formed through direct dissociation. As the reaction 
proceeds, the C-H(1) bond length is elongated, while 
the Ag-H bond length is shortened. The total absorbed 
energy in the reaction is 52.1 kcal/mol, which is lower 
than the C-H bond energy of 104.9 kcal/mol in CH4. 
This indicates that the C-H bond cleavage is indeed 
activated by Ag. This result is consistent with the 
reports that Ag helps to improve the coke resistance 
and catalyst activation in methane dissociation27 and 
is also of potential practical interest to both the C-H 
bond activation and subsequent ethylene release 
processes by the cooperative action of multiple 
molecules adsorbed on clusters28.  
In addition, the absorbed energy in the two pathways 
activated by Ag, is higher than that of Pd  
(8.6 kcal/mol), suggesting the poorer catalytic 
performance of Ag than that of Pd. Thus, the catalytic 
performance is ranked in the order Pt>Pd>Ag for the 
C-H activation of CH4 based on the required energy.  
 
The prediction of the chemical reaction rate 
constant is among the challenges encountered in the 
field of theoretical chemistry calculation29. The 
kinetic method is used to study the information about 
reaction path and rate constant of reaction, which 
reveals the microscopic mechanism of the reaction. 
The catalytic performance of Pt, Pd and Ag was 
assessed by the comparison of three parameters: 
enthalpy change, Gibbs free energy change and the 
rate constant (298 K, 1atm) of the reaction. As listed 
in Table 1, ΔGɵ<0 and ΔHɵ<0 occurs only for Pt 
catalyzed C-H activation. It suggests that C-H 
activation is more tenable via Pt than the other two 
transition metals. 
Assuming that 1 mol molecules participated in the 
reaction, eqn 1 (details of derivation are provided as 
Supplementary Data) is employed in the following 






 … (1) 
 
The rate constant of each reaction in Table 1 has 
been calculated by incorporating the values of 
reaction barrier Hɵ≠, entropy change Sɵ≠ and Planck's 
constant h = 6.626×10-34 J s in the above equation. 
Overall, the catalytic performance order Pt>Pd>Ag is 
confirmed again by the rate constants. This is 
consistent with the DFT results. For Ag catalyzed  
C-H activation, the rate constant was used to 
determine the better pathway. The H of CH4 first 
associates with Ag, forming a RC complex, and then 




Fig. 5 ⸺ Structures and point group symmetries of the stationary points along the two reaction coordinates for the C-H activation of CH4 via Ag. 
 
Table 1 ⸺ Enthalpy, Gibbs free energy, reaction barrier, entropy and rate constant values of the C-H activation in CH4 via Pd, Pt and Ag, 
at 1atm and 298 K 
Reactions ΔHɵ (kcal mol-1) ΔGɵ (kcal mol-1) ΔHɵ≠ (kcal mol-1) ΔSɵ≠ (kcal mol-1 K-1) K (s-1) 
Pd+CH4→ CH3PdH 8.1 9.3 12.9 –0.0038 1.91×10
26 
Pt+CH4→CH3PtH –34.7 –32.6 2.9 –0.0077 5.81×10
32 
Ag+CH4→ CH3AgH 43.2 43 59.9 –0.0048 3.89×10
-9 
Ag+CH4→ CH3+AgH  53.8 45.9 53.8 0.0263 7.27×10
2 





Pd and Pt have similar reaction pathways for C-H 
activation in CH4. The RC is firstly generated, and 
then the product is formed via TS. However, the 
difference in energy is large between Pd and Pt 
catalysis. The activation energy of CH4 in Pd catalysis 
is 13.4 kcal/mol, and the total absorbed energy is 
about 8.6 kcal/mol. The potential energy curves of the 
two low-energy states show that Pt intersects at the 
point where the Pt-C length is 2.685 Å. The activation 
energy of Pt catalysis is 3.6 kcal/mol and the released 
energy is 34.4 kcal/mol in the reaction.  
There are two possible reaction pathways for the C-H 
activation of CH4 via Ag. From the rate constants and 
energy change, the possible pathway involves the initial 
association of Ag and H in CH4, and then the direct 
dissociation into CH3 and AgH. The absorbed energy of 
the reaction is 52.1 kcal/mol. Comparing the activation 
energy, enthalpy change and rate constant, the catalytic 
performance is ranked in the order Pt>Pd>Ag. The 
present work is an important contribution in the study of 
the mechanism of gas phase C-H activation or cluster-
confined single active atoms. It provides a theoretical 
basis for the catalytic oxidation of methane with high 
quality and efficiency. 
 
Supplementary Data  
Supplementary Data associated with this article are 
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